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INTRODUCTION
Cellular repopulation and reconstruction of complex central nervous system circuitry may be possible by either transplantation of neural precursors or manipulation of endogenous precursors in diseased or injured regions of the central nervous system (CNS). Delivery of soluble proteins and neurotransmitters, and provision of trophic support by embryonic or genetically engineered cells placed into damaged areas, has already been demonstrated (6, 12, (14) (15) (16) 33) . However, these types of support are likely insufficient for functional recovery from pathology in regions of the CNS such as neocortex, where precise cellular connectivity forms the basis of function. Repair in such regions ideally would involve true repopulation by transplanted or endogenous neural precursors with the capacity to fully replace dead or dying neurons within the host, encompassing migration and integration within the existing cytoarchitecture, and the ability to respond appropriately to molecular signals in the host environment. The competence to respond to such signals and the level of maturation of populations of neural precursors will determine both their response to local microenvironmental controls and their degree of integration within the recipient CNS. In this context, better understanding of the progressive stages of precursor differentiation, and the limitations imposed by these varying states of differentiation, will further efforts toward potentially therapeutic cellular repopulation and reconstruction of complex neocortical circuitry.
Recent studies have demonstrated the ability to isolate and generate clonal neural precursors at various stages in development. These neural or neuronal progenitors are able to integrate and assume neuronal and glial phenotypes appropriate for the region of engraftment, if transplanted during the period of developmental neurogenesis (5, 25, 26, 32, 37) . However, transplantation of neural precursors into the intact adult neocortex shows more limited neuronal differentiation. Precursor cell lines expressing only neuronal cell-specific markers differentiate into pyramidal neurons with appropriate morphology and neurotransmitter expression (30) , but multipotent neural precursors, expressing mixtures of glial and neuronal markers in culture, appear to undergo only glial specification or remain undifferentiated following transplantation into the intact adult cortex (34) . These findings suggest that the response to local environmental cues may depend on the level of maturation and differentiation of the transplanted precursor cells-both their intrinsic state and their state of competence to respond to extracellular signals.
To directly test this hypothesis, we evaluated the competence of the highly undifferentiated HiB5 neural precursors to undergo neuronal differentiation following transplantation into murine neocortex under three different conditions expected to offer varying levels of instructive and permissive microenvironmental signals. The HiB5 cell line is a temperature-sensitive ts T oncogene-immortalized multipotent neural precursor cell line derived from embryonic day 16 rat hippocampus which expresses the early neuroepithelial marker nestin (25) . These precursor cells differ from those used in our prior studies in that they do not express glial or neuronal gene products in culture, but retain immature characteristics with consistent expression of early developmental markers. They have previously been shown to differentiate in a site-specific manner into neurons and glia when transplanted into cerebellum and hippocampus during developmental periods of ongoing neurogenesis (25) . The three environments into which the cells were transplanted were: (i) the developing neocortex in utero during the period of ongoing neocortical neurogenesis; (ii) regions of adult neocortex undergoing targeted pyramidal neuronal degeneration in which developmental signals are upregulated and in which later stage precursors and immature neurons undergo directed pyramidal neuron differentiation (13, 17, 19, 29, 34, 36) ; or (iii) the intact adult neocortex, at a stage when developmentally appropriate signals are expected to be downregulated or absent. We first examined the differentiation potential of the clonal HiB5 precursors within neocortex, quantifying the phenotypes assumed via the expression of neuronal and glial markers following transplantation within the three different cortical environments. As predicted, transplantation into embryonic neocortex resulted in significant numbers of differentiated cells with seemingly appropriate neuronal phenotypes which integrated well within the host neocortex, while transplantation into intact adult cortex did not. However, in contrast to prior experiments employing embryonic neurons or later stage neural precursor transplantation, the HiB5 cells showed very limited neuronal differentiation within regions of neocortex undergoing targeted apoptotic degeneration.
These results suggested that the relatively less differentiated hippocampal-derived precursors were not fully competent to respond to potentially later stage differentiation and/or survival signals important in neocortex and known to be upregulated in regions undergoing targeted neuronal apoptosis (36) . These include the trkB neurotrophin receptor ligands BDNF and NT-4/5, produced by synaptically connected interneurons and other cells upregulating such developmental control genes as a result of intercellular signaling (36) . Because these trkB ligands are very prominently upregulated under these conditions, and because they are thought to be important for both survival and differentiation of developing neocortical neurons, we compared the trk receptor phenotypes of the HiB5 precursors and embryonic neurons to gain insight into whether the relative immaturity and repertoire of receptor competence of the HiB5 cells limits their cellular behavior. We found that undifferentiated HiB5 cells lack catalytic trkB neurotrophin receptors at the mRNA and protein levels, while confirming that they express trkC receptors under the same conditions (35) .
MATERIALS AND METHODS

Animals
This study is based on data from 86 C57B/6J mice from our institutional colony. Transplantation was performed into 35 young adult mice 6-8 weeks of age (26 experimentals and 9 controls for donor cell identification using nonviable cells) and into 51 day 15 embryos (E15) from eight gestations (6-8 embryos/litter; 44 experimentals and 7 controls for donor cell identification using nonviable cells). Prior to transplantation, mice received a daily injection of cyclosporin A (Sandoz) for 2 days at 75 µg/g body wt. HiB5 cell suspensions were transplanted into intact neocortex of control mice (n ϭ 14); into regions of neocortex undergoing targeted neuronal degeneration of callosal projection neurons (n ϭ 12); and into the developing cortex of mouse embryos in utero, which were born at term. Daily injections of cyclosporin A continued until the time of histological analysis, 2-4 weeks following transplantation. The donor cells were examined for morphological and immunocytochemical evidence of neuronal and glial differentiation within the cortex.
Tissue Culture
The HiB5 neural precursor cell line was cultured by previously described methods (25) . Briefly, cells were grown in DMEM (Gibco), supplemented with 0.11 g/L sodium pyruvate, 3.7 g/L NaHCO 3 , 0.29 g/L glutamine, 3.9 g/L Hepes, 1% penicillin and streptomycin, and 10% (v/v) fetal calf serum. Cells were grown in culture dishes (Falcon) precoated for at least 60 min with 15 µg/ml polyornithine. Cultures were incubated at 33°C in 5% CO 2 . HiB5 cells proliferate at 33°C, the permissive temperature of the oncogenic tsA58 allele of the SV40 large T antigen. Incubation at 37°C results in loss of proliferative capacity. In some experiments, HiB5 cells were initially passaged and maintained at 33°C and then transferred to 37°C for up to 2 weeks prior to immunocytochemical analysis. Medium was changed twice weekly and cells were passaged at 75-80% confluency.
Immunocytochemistry
Immunocytochemical characterization was performed on cultured HiB5 cells by routine methods. Cells were fixed in 100% ethanol at Ϫ80°C for 10 min, serially washed three times with 0.1 M phosphate-buffered saline (PBS), and blocked for 30 min with serumcontaining medium (10% FCS, 1% HS, 1% GS, and 0.4% Triton X-100 in DMEM). Culture dishes were then rinsed three times in 0.1 M PBS and incubated for 60-90 min in one of the following primary antibodies: microtubule-associated protein-2 (MAP-2, courtesy of Dr. K. Kosik, 1:20 dilution from stock); neurofilament (NF, Zymed, stock); neuron specific enolase (NSE, Zymed, stock); neuron specific enolase (NSE, Zymed, stock solution); fibronectin (Sigma, 1:50 dilution); vimentin (Zymed, stock); glial fibrillary acidic protein (GFAP, Incstar, stock); CNPase (Sternberger, 1:250 dilution); or galactocerebrosidase (GalC, Boehringer Mannheim, 1:200). Cultures were washed three times with PBS and incubated for 30 min in fluorescently labeled secondary antibody (anti-rabbit TRITC or anti-mouse FITC, Sigma, 1:200 diluted in PBS) with 1.5% horse serum (Gibco). Following three more PBS washes, coverslips were applied to the culture dishes with Gelvatol (Fisher Scientific) and staining was assessed using epifluorescence and high numerical aperture optics (Zeiss). Control staining was performed with the omission of primary antibodies.
Cellular proliferation was assessed following 2 to 4 days of incubation in a 100 µM solution of BrdU (Sigma) in normal growth medium. After fixation in 100% ethanol at Ϫ80°C, cells were rehydrated by 5-min serial washes in decreasing concentrations of ethanol. Double-stranded DNA was hydrolyzed by exposure to 2 N HCl for 30 min at 37°C, followed by rinsing with 0.1 N PBS (pH 6.0) for 30 s. Serum-containing medium was applied for 30 min as a blocking rinse, followed by secondary blocking with Superblock (Pierce). Cells were then rinsed three times for 5 min each in PBS (pH 7.2) and incubated in mouse anti-BrdU (Caltag, 1:75) with 0.5% Tween 20 for 30 min. After three washes in PBS, cells were incubated in TRITC or FITC fluorescent anti-mouse IgG secondary antibodies (Sigma, 1:50 in PBS with 1.5% horse serum) and rinsed three times with PBS. Immunofluorescence was assessed as described above.
Cell Labeling
HiB5 cultures were prelabeled with [ 3 H]thymidine and physical fluorescent markers in order to identify cells of donor origin following transplantation. Cultures were incubated with 1 µCi of [ 3 H]thymidine (New England Nuclear) per milliliter of supplemented DMEM for a period of 48 h prior to transplantation. Medium was replaced daily. For long-term fluorescence identifi-cation, HiB5 cultures were incubated for 24 h with fluorescent latex microspheres (Lumafluor) or with a second type of latex nanosphere containing rhodamine which persist within neurons indefinitely and do not secondarily label endogenous cortical neurons (20) , diluted 1:1000 in DMEM supplemented medium. Following labeling, the solution was aspirated, and excess nanospheres were removed with three washes in HBSS-CMF (Gibco). Prior to transplantation, cells were harvested from culture dishes by trypsinization and pelleted at 800 rpm. Cell pellets were resuspended in suppplemented HBSS-CMF at a density of approximately 1 ϫ 10 4 cells/µl. Controls included transplantation of cells rendered nonviable by six to eight successive freeze/thaw cycles in hypoosmotic medium (viability by trypan blue exclusion less than 0.1%) under all three conditions, to confirm that the results were specific to viable cell transplants. Transplants of lysed HiB5 cells prelabeled with [ 3 H]thymidine and fluorescent markers did not show nonspecific transfer of labels to endogenous cells.
Targeted Degeneration of Callosal Projection Neurons
Retrograde labeling of callosal projection neurons for targeted degeneration was performed using previously described methods (13, 17, 19, 29, 34, 36) . Postnatal day 0 (P0) pups were deeply anesthetized, the skull was exposed by a 5-to 7-mm dorsal midline incision, and a series of 8-10 microinjections of latex nanospheres conjugated with chlorin e 6 (100 nl/injection site) was performed unilaterally at equally spaced intervals across the length and width of motor cortex. After all the injections were performed, the overlying skin was closed with suture, and the pups were returned to maternal care under careful monitoring.
Four or 6 weeks after retrograde projection neuron labeling, mice were deeply anesthetized with Avertin, the skin overlying the cortex was incised and bilaterally reflected, and the dura contralateral to the nanosphere injection site was exposed by craniotomy. Transdural cortical illumination by a continuous-wave, solidstate diode laser operating at 674 nm (Candela Laser Corp.) delivered approximately 150 J/cm 2 of energy over 10-12 min via custom beam-controlling optics (Candela Laser) to a 3-mm-diameter area of the cortical surface through intact dura. Optical control provided specific targeting of pyramidal neurons labeled with nanospheres in lamina II/III and initiated a slowly progressive apoptotic neuronal degeneration within this cellular subpopulation (19, (27) (28) (29) .
Cell Transplantation
Young adult mice (6 or 8 weeks of age) were deeply anesthetized with Avertin and the skin was incised over the previous site of laser illumination, leaving the dura intact. Homotopic regions were exposed in age-matched, intact cortex of control mice. A single volumetric pressure injection of prelabeled HiB5 cell suspensions was performed into the this region of each experimental or control mouse using a digitally controlled nanoinjector (Drummond) via a pulled-glass micropipette with tip diameter of approximately 100 µm. The micropipette was lowered to a depth of 500 µm and withdrawn over 250 µm at 50-µm intervals while injecting 50 nl of cell suspension at each level (total 300 nl) to ensure a ''tubular'' distribution of approximately 3 ϫ 10 3 cells across laminae II-V. Overlying skin was sutured closed and mice were returned to normal care.
Transplantation in utero was performed in a similar fashion. Gravid females at E15 were deeply anesthetized with Avertin, the uterine horns were exposed via a 1-to 1.5-cm midline abdominal incision, and the embryos were transilluminated. Embryos were gently stabilized within the uterus, and HiB5 cells (100 nl; approximately 1 ϫ 10 3 cells) were injected via modified stereotaxis into the developing cerebral cortex. The abdominal incision was closed in layers; the mouse carefully warmed, individually fed, and closely monitored; and the gestation was allowed to progress to term.
Histological Analysis
Four weeks after transplantation, mice were deeply anesthetized with Avertin, transcardially perfused with PBS and heparin (10,000 Units/L) followed by 2% paraformaldehyde in 0.1 M PBS (pH 7.3-7.4), and postfixed overnight in the same fixative. Brains were blocked for coronal sectioning through regions of cellular transplantation, and serial sections 40-50 µm thick were cut on a vibrating microtome (Vibratome). Series of sections were processed and mounted for fluorescence and cresyl violet staining to assess cellular morphology, migration from the radially oriented injection site, and possible cellular integration, immunocytochemistry, and autoradiography following standard procedures (13, 29, 34, 36) . Fluorescence sections were air dried on gelatin-coated slides and subsequently either dipped briefly in Histoclear (National Diagnostics) and permanently mounted in Fluoromount (Gurr) or mounted in mineral oil and examined directly. Histologic examination was performed using a microscope equipped with epifluorescence and high numerical aperture optics (Zeiss).
Immunocytochemistry in Vivo
Coronal sections of 50 µm thickness were cut on a vibrating microtome (Vibratome) and floated in PBS immediately prior to immunostaining. Peroxidase activity was blocked by floating sections in Immunopure peroxide suppressor (Pierce) for 10 min. After three rinses of 5 min each in PBS, the tissue was blocked for 1 h in serum-containing medium (10% fetal calf serum, 1% goat serum, 1% horse serum in DMEM), washed three times in PBS, and incubated in primary antibodies (GFAP, stock, Incstar; NSE, stock, Zymed; trkB, 1:200, Santa Cruz) for 1-3 days at 4°C. Tissue sections were washed three times in PBS and then incubated in anti-rabbit secondary antibody (Cy3 labeled or biotinylated, Vector, 1:50 diluted in PBS with 1.5% horse serum). Signal was amplified with the biotinylated antibodies using a Vectastain avidin/biotin kit (Vector) and by metal-enhanced DAB (Pierce).
Cellular Quantification and Analysis
Camera lucida drawings were made surrounding each transplantation site, indicating the location of identified cells. Donor cells were identified by [ 3 H]thymidine labeling via localization of silver grains over their nuclei. Cells were considered [ 3 H]thymidine positive when the number of silver grains clustered over nuclei was three or more standard deviations above background, using established quantitative methods (36) . Serial sections were analyzed for the number of donor cells double labeled with [ 3 H]thymidine and the immunocytochemical markers for astrocytic differentiation using GFAP, neuronal differentiation by morphology under Nomarski DIC optics and immunolabeling, and cresyl violet staining to determine the total number of donor cells per section. To assess differences in glial and neuronal differentiation between the various experimental conditions (developing/neonatal cortex, intact adult neocortex, and neocortex undergoing targeted neuronal degeneration), comparisons were made by ANOVA and through standard t tests. Statistical significance was considered to be P Ͻ 0.05.
Western Analysis
Trk receptor expression by the HiB5 cell line was analyzed by Western blot using standard methods (24) . NIH 3T3 fibroblasts expressing individual trk receptors (trkA, B, or C) were used as positive controls. Protein was solubilized in lysis buffer, separated on a 7.5% SDS-PAGE gel, and transferred onto PVDF membrane. Membranes were probed with anti-trkA, B, or C antibodies and detected by enhanced chemiluminescence. Antibodies and 3T3 cells were kindly provided by Drs. L. Reichardt (trkA) and D. Kaplan (trkB and trkC).
RT-PCR Analysis
TrkB mRNA in HiB5 neural precursors and dissociated neocortical neurons from postnatal day 1-3 pups was analyzed by reverse transcriptase polymerase chain reaction (RT-PCR). Cells (approximately 10 7 cells) were harvested and pelleted by centrifugation at low speed, and total cellular RNA was extracted using the RNAzolB kit (Biotecx, Houston, TX). The cell pellet was resuspended in 1 ml of RNAzolB solution, 0.1 ml of chloroform was added, and the sample was vortexed for 15 s and then placed on ice for 5 min. The mixture was then centrifuged at 12,000g for 15 min at 4°C and the upper phase was transferred to a fresh tube along with an equal volume of isopropanol. Precipitation occurred overnight at Ϫ20°C, after which the sample was centrifuged at 12,000g for 15 min at 4°C and the supernatant was removed. The RNA pellet was washed in 800 µl of 75% ethanol, centrifuged again at 12,000g for 8 min at 4°C, and air dried at room temperature. RNA was then resuspended in 20 µl of DEPC-treated H 2 O.
The Superscript II system (BRL) was used for reverse transcription. Total RNA (1 µg) was added to 1 µl of oligo (dT) primer (1 µg/µl) with addition of H 2 O to a final volume of 12 µl. The mixture was heated to 70°C for 10 min, placed on ice for 1 min, and mixed with free nucleotide solution (2 µl of 10ϫ PCR buffer, 2 µl of 25 mM MgCl 2 , 1 µl of 10 mM dNTP, and 2 µl of 0.1 M DTT). The mixture was then heated to 42°C for 10 min, and 1 µl of Superscript enzyme (200 units) was added. The reaction was run at 42°C for 50 min and terminated by heating to 70°C for 15 min. RNase H (1 µl) was added to eliminate any remaining RNA template.
PCR reactions were performed by the addition of 2 µl of RT product to 36. Samples were electrophoresed on 2% agarose gels stained with ethidium bromide to label the PCR product. The primers (5Ј-tctatgccgtggtggtgattgc-3Ј (upstream) and 5Ј-gcgtcttcacagccaccaggat-3Ј (downstream) for trkB; and 5Ј-catggttccagctctctaacacag-3Ј (upstream) and 5Ј-accagtcaccactagccaagaatg-3Ј (downstream) for trkC) were expected to yield PCR products of 423 and 223 bp, respectively (1).
RESULTS
HiB5 Neural Precursors in Culture Retain
Neuroepithelial Stem Cell Characteristics
The extent of differentiation of HiB5 neural precursors was characterized in vitro prior to transplantation (Fig. 1) . Cultures displayed predominantly a flat epithelioid morphology, and incorporation of nuclear BrdU indicated continued proliferation at the permissive temperature of 33°C. In addition to their previously reported expression of nestin (25) , in these experiments the markers fibronectin and vimentin were detected throughout the culture population. There was no celltype-specific staining for neuronal differentiation with MAP-2, NF, or NSE or glial differentiation with GFAP, CNPase, or GalC, suggesting that these precursors remain in a largely immature state. Cultures transferred and maintained for up to 2 weeks under nonpermissive 37°C conditions did not incorporate BrdU, and many cells assumed phase-bright, process-bearing morphology, but the widespread staining for early developmental markers and the absence of neuronal or glial staining remained unchanged (Table 1) .
Undifferentiated Neural Precursors Migrate within Cortex and Assume Neuronal Phenotypes Following Transplantation in Utero
HiB5 precursors transplanted in utero into developing neocortex of E15 embryos followed a progressive radial migration from the periventricular zone toward the cortical plate. Approximately 5 days after transplantation at P0, morphologically identified neuroblasts could be observed within deeper laminae V and VI in neocortex; by 2 weeks following transplantation, many donor cells had assumed positions in superficial cortical layers and adopted phenotypes of cortical neurons (Fig.  2) . Donor-derived cells with pyramidal neuron morphology displayed large cell bodies, prominent apical dendrites, and axons extending toward white matter, suggesting cellular integration into the surrounding parenchyma (Fig. 3) .
Neural Precursors Survive but Do Not Substantially Differentiate Following Transplantation into Adult Cortex
The distribution pattern of donor HiB5 cells was the same in intact cortex and in regions of cortex undergoing targeted pyramidal neuron degeneration in lamina II/III. Camera lucida drawings of donor HiB5 cell locations were made 2 and 4 weeks following transplantation, using autoradiographic localization of heavily labeled cells with incorporated [ 3 H]thymidine for identification. Transplanted cells showed robust engraftment in 11 of the 12 experimental mice undergoing targeted, apoptotic, neuronal degeneration and in 12 of 14 intact control mice, with donor cells incorporating into the cortical parenchyma and dispersing evenly throughout all lamina (Fig. 4) . Most cells were found within 300-500 µm of the injection track, with a smaller number having dispersed as far as 600-1000 µm from the injection site.
Transplanted cells survived for the 4 weeks of analysis in the cortex of adult mice. Two weeks following transplantation, approximately 5-15% of donor cells survived in both control cortex or cortex undergoing targeted neuronal degeneration. There was no significant difference in the number of surviving, heavily labeled donor cells between control and experimental mice (647 Ϯ 128 cells/control cortex; 921 Ϯ 351 cells/ experimental cortex). Four weeks after transplantation, there were fewer surviving, heavily labeled donor cells in both intact cortex and cortex undergoing targeted neuronal degeneration (544 Ϯ 118 cells/control cortex; 316 Ϯ 187 cells/experimental cortex).
Cells that differentiated toward neuronal phenotype comprised less than 3% of the total surviving transplanted cells; there was no significant difference between transplants into intact neocortex and transplants into regions of neocortex undergoing targeted neuronal degeneration. The differentiation of transplanted HiB5 cells was assessed by comparing the number of cells double labeled with [ 3 H]thymidine and an immunocytochemical cell-type-specific marker with the total number of surviving HiB5 cells. Donor cells that stained with neuronal markers showed morphologies typical of large pyramidal neurons and smaller interneurons (Fig. 5) . Many neurons appeared pyramidal in shape with prominent apical dendrites. They were morphologically similar to neighboring endogenous neurons in both shape and size (10-15 µm in diameter). In intact cortex, 1.8 Ϯ 0.5% of transplanted cells were immunocytochemically neuronal and appeared morphologically neuronal under DIC 2 weeks after transplantation, whereas in cortex undergoing targeted neuronal degeneration 2.0 Ϯ 1.0% of transplanted cells were immunocytochemically neuronal and appeared morphologically neuronal. Four weeks following transplantation, 2.4 Ϯ 0.5 and 2.0 Ϯ 0.2% of all Many more donor cells underwent glial differentiation than neuronal differentiation following transplantation into adult cortex. Approximately 7-20% of the total surviving [ 3 H]thymidine-labeled donor cells expressed the astroglial marker GFAP and displayed typical astroglial morphology characterized by elliptical cell bodies surrounded by multiple radiating processes (Fig. 6 ). In the intact adult cortex, 11 Ϯ 1.1% of transplanted cells stained for GFAP 2 weeks following transplantation; 7.0 Ϯ 1.4% were GFAP-positive in transplants into cortex undergoing targeted neuronal degeneration. A larger number of donor cells had a glial phenotype by 4 weeks following transplantation, with 19 Ϯ 2.4 and 11 Ϯ 1.3% of surviving cells expressing GFAP in intact and experimental cortex, respectively.
HiB5 Neural Precursors Express trkC but Lack trkB Receptors in Vitro
Full-length, catalytic trkB receptor expression in HiB5 neural precursors was evaluated and compared with that of primary cortical neurons to assess cellular competence to respond to the trkB ligands most strikingly upregulated during targeted neuronal degeneration, BDNF and NT-4/5. In contrast to embryonic cortical neurons that express both full-length, catalytic trkB and trkC receptors, HiB5 cells do not express full-length trkB mRNA or protein (Fig. 7) . In agreement with previous results (35; R. Segal, personal 
DISCUSSION
The current studies show that highly undifferentiated neural precursors can undergo differentiation toward neuronal phenotype if transplanted into neocortex during the normal period of corticogenesis; however, they largely fail to differentiate into neurons after transplantation into normal adult cortex or into regions of adult cortex in which a specific set of developmental controls is reactivated that direct the differentiation of later stage precursors and immature neurons (13, 19, 29, 34, 36) . These results suggest that highly immature precursors may require additional priming steps, effectively provided in the early developing cortex during a period of neurogenesis, before attaining competence to respond to the later differentiation signals expressed in the terminal stages of corticogenesis and upregulated within regions of adult cortex undergoing targeted apoptotic neuronal degeneration. Molecular analysis revealed that HiB5 cells do not express the full-length, catalytic trkB receptor, unlike primary cortical neurons; this difference may partially explain their inability to respond to BDNF and NT-4/5 that are dramatically upregulated among other signals within regions of neocortex undergoing targeted neuronal degeneration (36) . The ability of donor cells to respond to extracellular signals may depend critically on their level of maturation and state of differentiation, suggesting the possibility that manipulation of more restricted progenitors could provide increased efficiency of complex circuit reconstruction in the diseased or damaged CNS.
Neural precursor transplantation or manipulation of endogenous precursors to reconstruct complex neocortical and other CNS circuitry may depend critically on the competence of suitable donor cells to respond appropriately to extracellular signals in their new environment. The recent generation of clonal neural precursors at various stages of neural differentiation allows investigation of the effects of donor cell state and competence on the efficiency of cellular repopulation. Our analysis of highly immature HiB5 neural precursors, combined with prior experiments using later stage precursors and immature neurons (13, 19, 29, 34) indicates that these less differentiated cells lack competence to respond to the presumably limited signals present in the intact adult brain. Even within an environment with a group of upregulated, instructive control signals, induced experimentally by targeted apoptotic degeneration (36) , the HiB5 multipotent pre- cursors fail to respond adequately in the adult cortex. Characterization of these neural precursors further suggests that their lack of response may be at least in part because they lack receptors necessary to respond to later stage neurotrophic signals upregulated during development or experimentally induced following targeted neuronal degeneration. These results suggest that the phenotypic fate of transplanted precursors will not solely rely upon external molecular signals, but, rather, are also dependent on intrinsic donor cell state. Further understanding of the interplay between donor precursors and recipient CNS may also provide informa- tion on progressive neuronal differentiation during development.
Clonal, neural or neuronal precursors have previously been shown to undergo regional incorporation and differentiation into neurons when transplanted during the period of developmental neurogenesis (reviewed in 38). They adopt phenotypes appropriate for their final location of transplantation and not the region from which they were isolated (3, 4, 7, 30, 31) . The clonally derived HiB5 neural precursors similarly integrate and differentiate successfully when transplanted to homotopic hippocampus or heterotopic cerebellum during the normal period of neurogenesis (25) . Taken together, these findings reiterate the multipotency of precursor cells and suggest that neuronal development can be at least partially regulated by local cell-extrinsic signals.
The HiB5 cell line retains very immature characteristics in vitro, lacking glial or neuronal markers and expressing only early developmental markers (25; and results presented here). Transplantation of these precursors into cortex indicates that the HiB5 cells are able to mature and differentiate appropriately if introduced into the host environment during the normal period of corticogenesis. In the intact adult cortex, they engraft and survive, but largely fail to assume neuronal specification, with the majority of donor cells remaining undifferentiated or assuming glial phenotype. These results reinforce the concept that developmentally relevant neurogenic signals are absent or downregulated with progressive maturation of the cortex.
Previous studies have shown that initiation of apoptotic neuronal degeneration within cortex can induce reexpression of developmentally relevant control molecules including neurotrophins (36) and promote siteappropriate differentiation of transplanted precursors (34) . In adult cortex, the degeneration of pyramidal neurons appears to signal neighboring cortical interneurons by soluble factor or activity-dependent changes to upregulate expression of BDNF, NT-4/5, and to a lesser extent NT-3, during the 3-week period of peak neuronal apoptosis (36) . These neurotrophins and their receptors are believed to promote neuronal differentiation and survival in cortical neurons during late stages of normal ontogeny (10, 11, 35) . Following induction of neuronal degeneration and during the period of known neurotrophin upregulation, transplants of immature neurons and neural precursors exhibit directed neuronal specification, migration, differentiation, and connectivity (13, 17, 19, 29, 34) . Selective alteration of cell-cell interactions in mature CNS can therefore lead to reexpression of developmental signaling molecules, sufficient to guide developmentally appropriate differentiative events by appropriately receptive donor cell populations.
Nevertheless, the present studies demonstrate that the responsiveness of neural progenitors to extracellular regulatory signals will depend critically upon the precursor's stage of differentiation, a property intrinsic to the donor cell. Prior studies show that dissociated embryonic neurons and the neural precursor cell line C17.2 undergo directed neuronal differentiation when transplanted into regions of targeted neuronal cell death within adult cortex (13, 19, 29, 34) . However, the current results indicate that HiB5, a neural precursor cell line in many ways similar to C17.2, largely fails to undergo neuronal specification within the same experimental paradigm. While it remains a possibility that the immortalization itself has altered differentiationrelated genes, and thus competence to respond to differentiation signals, comparison of properties intrinsic to these precursors and embryonic neurons suggests that the HiB5 cell line exists in a more developmentally immature state. These precursors were generated at an earlier developmental time point (E16 hippocampus), compared to the C17.2 line (from postnatal cerebellum) and cortical embryonic neurons (E17). Furthermore, neurogenesis in hippocampus, as in cerebellum, continues postnatally, whereas neuronal development in neocortex occurs entirely prenatally. Thus, the HiB5 precursors were immortalized at a relatively early point in neurogenesis. Finally, HiB5 cells retain more immature characteristics in culture, displaying only early developmental markers with specific absence of neuronal and glial antigenicity. These observations contrast directly with C17.2 cells which can express neurofilament and glial fibrillary acidic protein in vitro (26) . The HiB5 cells exist in a relatively immature developmental state, lacking the competence to respond to the local neurotrophic signals present either in the intact adult brain or within neocortex undergoing targeted neuronal degeneration. These results suggest that sequential, progressive signaling events may be necessary for neural precursors to ultimately assume their proper neuronal phenotype. Previous studies indicate that developmental plasticity declines as neural progenitors mature (2, 8, 21, 22) . However, our results imply that highly undifferentiated neural precursors can also be restricted in their ability to respond to local extracellular signals. It appears that neurogenesis can be regulated by sequential and combinatorial exposure of immature precursors to extracellular signal molecules (9, 11, 23) . It has been reported in dissociated neocortical cells that bFGF largely acts as a mitogenic factor for neural precursors, PDGF and NT-3 promote neurogenesis, and BDNF and NT-4/5 lead to neuronal differentiation and maturation. These same factors are also thought to play central roles in plasticity and survival within the mature CNS (reviewed in 18). In particular, the upregulation of BDNF, NT-4/5, and NT-3 within regions of neocortex undergoing targeted apoptotic neuronal de-generation is likely partially responsible for the directed differentiative events observed in prior studies (36) . The absence of trkB receptors on the HiB5 cells could at least partially explain the inability of transplanted HiB5 cells to undergo neuronal differentiation within these regions.
In conclusion, the present studies indicate that extrinsic molecular signals may regulate the differentiation of early precursor cells into restricted neuronal precursors, and finally into distinct neuronal phenotypes, but the competence of such precursors to respond to the distinct array of local signals may vary at different stages of their maturation. At relatively early stages, highly immature neural precursors may lack the appropriate receptors or signaling pathways necessary to respond to local growth factors, neurotrophins, and other controls present within their environment. Early defining developmental steps that occur during normal neurogenesis may be required before later differentiative sequences can be initiated. To gain competence to proceed further, early stage cells may require ''priming'' by early differentiative signals. Thus, although such early stage precursors may possess the potential to undergo limited neuronal differentiation, they are unable to proceed beyond an immature phenotype. These observations suggest that progressively more restricted precursors may be more accurately controlled by extracellular signals. Manipulation of both intrinsic donor cell state and extrinsic developmental controls may both be critically important toward potential reconstruction of complex CNS circuitry.
